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SUMMARY 

A two-grid a c c e l e r a t o r  system wi th  e l e c t r o s t a t f c  beam d e f l e c t i o n  
c a p a b i l i t y  w a s  t e s t e d  on a 5-cm diameter Kaufman t h r u s t e r  f o r  1000 hours .  
The a c c e l e r a t o r  system was  designed’and f a b r i c a t e d  by the  Hughes Research 
Laboratory under c o n t r a c t  NAS3-14058. 
p o s i t i v e  vo l t age  of 1200 v o l t s ,  nega t ive  vo l t age  of -1200 v o l t s  and beam 
c u r r e n t  of 25 mA. Beam d e f l e c t i o n  w a s  accomplished during t h e  f i r s t  100 
hours of t h e  test t o  show performance and t h e  remainder of t h e  test  w a s  

The t h r u s t e r  w a s  opera ted  at a 

ca run i n  t h e  undef lec ted  mode. Typical  undef lec ted  a c c e l e r a t o r  c u r r e n t s  
m were less than  1 percen t  of t h e  beam c u r r e n t  throughout t h e  test. In- 
I creased  a c c e l e r a t o r  c u r r e n t s  were measured a t  de f l ec t eon  angles  g r e a t e r  
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w 
t han  about 8-10 degrees .  

’ INTRODUCTION 

Spacecraf t  i n  ope ra t ion  today have demonstrated impressive ga ins  
i n  r e l i a b i l i t y  and u s e f u l  l i f e  over  earlier ve r s ions .  
s p a c e c r a f t  w i th  des ign  l i f e t i m e s  of several y e a r s  p l a c e  severe requi re -  
ments on a t t i t u d e  c o n t r o l  and s t a t i o n  keepPng subsystems, The long l i f e  
and high va lue  o€ s p e c i f i c  impulse a v a i l a b l e  from low t h r u s t ,  e l e c t r o -  
s ta t ic  t h r u s t e r  systems make them i n c r e a s i n g l y  competi t ive f o r  t h e s e  
func t ions .  
diameter Kaufman t h r u s t e r  program has been descr ibed  i n  r e fe rences  1 
and 2. The f i n a l  r e p o r t  f o r  work done by Hughes Research Center on a 
s t r u c t u r a l l y  i n t e g r a t e d  t h r u s t e r  under c o n t r a c t  NAS3-14129 i s  i n  
p repa ra t ion  

Future  o r b i t i n g  

Work being done a t  L e w i s  Research Center under t h e  5-em 

Recent developments i n  a c c e l e r a t o r  systems f o r  t h e s e  t h r u s t e r s  
have made them even more u s e f u l .  
beam d e f l e c t i o n  c a p a b i l i t y  makes it p o s s i b l e  t o  perform both  s t a t i o n  
keeping and a t t i t u d e  c o n t r o l  func t ions  wi th  t h e  same t h r u s t e r .  This  
c a p a b i l i t y  has  been added mainly through t h e  e f f o r t s  of t h e  Hughes Re- 
s ea rch  Laboratory under c o n t r a c t  NAS3-14058. Resul t s  of t h i s  c o n t r a c t  
e f f o r t  are descr ibed  i n  r e f e r e n c e s  3 and 4. 

For example, t h e  inco rpora t ion  of i o n  

Although t h e  beam d e f l e c t i o n  c a p a b i l i t y  of t h e  a c c e l e r a t o r  system 
which r e s u l t e d  from t h e  above c o n t r a c t  w a s  demonstrated,  a problem a rose  

. ,  
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dur ing  t h e  r equ i r ed  100-hour test .  Near t h e  
e l e c t r o d e  ceramic space r s  became coated wi th  
precluded a d d i t i o n a l  d e f l e c t i o n  al though the 
an undef lec ted  beam. 

end of t h a t  tes t  the  i n t e r -  
metall ic depos i t s .  This  
system could s t i l l  produce 

Severa l  a c c e l e r a t o r  systems of t h i s  type were de l ive red  t o  t h e  
Lewis Research Center.  I n  a follow-on t o  c o n t r a c t  MAS3-14058 t h e  i n s u l -  
a t o r  s h o r t i n g  problem descr ibed  above is  being pursued, b u t  i t  w a s  f e l t  
t h a t  some l i f e t i m e  d a t a  should be obta ined  p r i o r  t o  t h e  expected d e l i v e r y  
of t h e  improved systems. Therefore ,  one of t h e  de l ive red  systems w a s  
i n s t a l l e d  on a 5-cm t h r u s t e r  f o r  an undef lec ted  l i f e  test  of 1000 hours .  
This paper p re sen t s  t h e  r e s u l t s  o f  t h i s  1000-hour test ,  Data f o r  t h e  
d e f l e c t e d  mode, performed i n  t h e  f i r s t  hours  of t h e  test are included.  

APPARATUS AND PROCEDURE 

Beam Def l ec t ing  Accelera tor  System 

Photographs of t h e  d e f l e c t i o n  system as de l ive red  t o  L e w i s  Research 
Center are shown i n  f i g u r e  1 and descr ibed  i n  r e fe rences  3 and 4.  Fig- 
u r e  l ( a )  i s  t h e  upstream s i d e  showing t h e  c i r c u l a r  sere-en h o l e s  and t h e  
downstream s i d e  wi th  t h e  "egg-crate" notched a c c e l e r a t o r  s t r i p s  is  shorn  
i n  l ( b ) .  The sc reen  g r i d  c o n s i s t s  of a square a r r a y  of c i r c u l a r  ho le s  
0.39 cm i n  diameter on a 0.44 em center- to-center  spacing.  
s t r i p s  are 0.25 cm wide and 0.025 cm (0.010 i n . )  t h i ck .  The r e s u l t i n g  
a p e r t u r e s  are 0.34 cm square .  
cm . 

The notched 

The screen- to-acce lera tor  spacing i s  0.13 

Beam d e f l e c t i o n  w a s  accomplished by s e t t i n g  t h e  p o t e n t i a l s  of t h e  
a c c e l e r a t o r  s t r i p s  as shown i n  f i g u r e  2. Only t h e  h o r i z o n t a l  d i r e c t i o n  
of beam d e f l e c t i o n  w a s  used so t h a t  a comparison of e ros ion  p a t t e r n s  
could be made between d e f l e c t e d  and undef lec ted  s t r i p s .  
was cons tan t  a t  1200 v o l t s .  The a c c e l e r a t o r  supply-was cons tan t  a t  
-1200 v o l t s ,  The two d e f l e c t i o n  s u p p l i e s  were r e v e r s i b l e  i n  p o l a r i t y  
and were t y p i c a l l y  set so  t h a t  one e l e c t r o d e  w a s  p o s i t i v e  and the  o t h e r  
nega t ive  wi th  r e s p e c t  t o  a c c e l e r a t o r  p o t e n t i a l .  This  procedure main- 
t a i n s  t h e  average p o t e n t i a l  i n  t h e  a p e r t u r e  a t  a c c e l e r a t o r  p o t e n t i a l .  
Current  meters were provided i n  each supply t o  monitor changes i n  accel- 
e r a t o r  d r a i n  c u r r e n t  because of increased  i n t e r c e p t i o n  of t h e  beam by 
t h e  e l e c t r o d e s  i n  t h e  d i r e c t i o n  of d e f l e c t i o n .  

The beam supply 

Ion  beam d e f l e c t i o n  angles  were determined us ing  t h e  beam a n a l y s i s  
equipment i n d i c a t e d  i n  f i g u r e  3 and descr ibed  i n  d e t a i l  i n  r e f e r e n c e  5. 
By comparing similar p o i n t s  on p r o f i l e s  taken  a t  t h e  same d i s t a n c e  down- 
stream of t h e  thruster f o r  bo th  undef lec ted  and d e f l e c t e d  modes, i t  is  
p o s s i b l e  to ' de t e rmine  t h e  average angle  through which the  ions  have been 
d i sp laced  (I 
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Thrus te r  

The d e f l e c t i o n  g r i d  system w a s  mounted on a 5-cm t h r u s t e r  (see 
f i g .  4) descr ibed  i n  r e fe rence  1. A hollow cathode n e u t r a l i z e r  of  t h e  
enclosed type  ( r e f .  2) was mounted on one s i d e  i n  t h e  d i r e c t i o n  i n  which 
t h e  beam w a s  t o  be d e f l e c t e d .  
t r a l i z e r  p o s i t i o n  b u t  t h e  s e l e c t i o n  w a s  based on a compromise between 
an  at tempt  t o  achieve  a low beam coup3ing p o t e n t i a l  which inc reases  as 
t h e  d i s t a n c e  between n e u t r a l i z e r  and t h r u s t e r  i nc reases  and an at tempt  
t o  keep t h e  n e u t r a l i z e r  ou t  of t h e  pa th  of beam ions .  

N o  a t tempt  w a s  made t o  opt imize t h e  neu- 

F a c i l i t y  

The test was  performed i n  a 4.5 m long by 1.5 m diameter vacuum 
f a c i l i t y  ( r e f .  6 ) .  A vert ical  metal t a r g e t  covered wi th  f i b r o u s  inor -  
ganic  i n s u l a t i o n  material w a s  placed s o  as t o  d i v i d e  the  f a c i l i t y  a t  
approximately t h e  middle of i t s  length .  The i n s u l a t i o n  material de- 
c reased  t h e  t o t a l  amount of back-sputtered m e t a l  a r r i v i n g  a t  t h e  t h r u s t e r .  

Unattended Operation 

Data f o r  t h e  test were taken au tomat ica l ly  by a d i g i t a l  d a t a  a@- 
q u i s i t i o n  system set up t o - s c a n  a l l  p e r t i n e n t  t h r u s t e r  d a t a  at  15-minute 
i n t e r v a l s .  During beam def lec t ion .  tests t h e  system w a s  t r i g g e r e d  at  
s h o r t e r  i n t e r v a l s .  
recorded by hand several t i m e s  each day. Data taken by t h e  automatic  
system were recorded on magnetic t a p e  t o  f a c i l i t a t e  d a t a  a n a l y s i s  and 
computer p l o t t i n g  of s e l e c t e d  d a t a  as a f u n c t i o n  of t i m e .  

Vaporizer temperatures  and mercury flow readings  w e r e  

Thrus t e r  Controls  

The only p rov i s ions  f o r  con t ro l l ed  ope ra t ion  were c u r r e n t  limiters 
on t h e  two hollow cathode keeper  supp l i e s .  
worked w e l l  ho ld ing  t h e  cu r ren t  t o  180-200 mA throughout t he  test. Un- 
f o r t u n a t e l y  the n e u t r a l i z e r  keeper  cu r ren t  l i m i t e r  f a i l e d  w i t h i n  t h e  
f i r s t  100 hours of t h e  test which allowed t h e  cu r ren t  t o  range up t o  
about 0.5 A and down t o  a level which would cause t h e  d ischarge  t o  
quench. High v o l t a g e  (300 v) power supp l i e s  on each keeper were capable  
of r e s t a r t i n g  a quenched d ischarge  f f  t h e  n e u t r a l  atom flow had no t  de- 
c reased  too  f a r  because of cool ing  of t h e  cathode and vapor i ze r .  

The main cathode keeper  
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RESULTS .AND DISCUSSION 

Thrus te r  Operat ion 

The performance-of t h e  t h r u s t e r  i s  shown i n  f i g u r e  5. Data 
were recorded by an automatic  system at  15-m-inute i n t e r v a l s  and t h e  
d a t a  t apes  were run through a computer p l o t  r o u t i n e  t o  produce t h e  
p l o t s  shown i n  t h e  f i g u r e .  The t i m e  shown i s  t o t a l  e lapsed  t i m e .  Ap- 
proximately 1200 hours  were needed t o  produce a beam-on t i m e  of 1000 
hours .  

The f i r s t  425 hours  of  t h e  test  were marked wi th  erratic oper- 
a t i o n  and f requent  quenching of bo th  t h e  main and the  n e u t r a l i z e r  ho l -  
low cathode plasmas. The t h r e e  longes t  down t i m e s  a t  57, 200, and 
368 hours  i n t o  t h e  test  a l l  occur red  on weekends when no personnel  were 
on duty  t o  restart t h e  t h r u s t e r .  
t h e r e  were only  12 hours  of down t i m e  (caused by high vo l t age  power 
supply f a i l u r e ) ,  

However, durdng the  las t  550 hours  

The t h r u s t e r  w a s  completely o f f  during t h e s e  12 hours .  

For convenience, t h e  performance is summarized i n  Table I ,  The 
run hour increments show per iods  of t h r u s t e r  ope ra t ing  time. 
shows t h e  average beam c u r r e n t  f o r  each increment and cplumn 2 shows 
the  average a c c e l e r a t o r  d r a i n  c u r r e n t .  
shows t h a t  t h e  a c c e l e r a t o r  d r a i n  c u r r e n t  i s  h igh ly  dependent on the  
main p rope l l an t  f low f o r  cons tan t  beam c u r r e n t ,  
peXLan.1: wag reasonably cons tan t  throughout t he  te$t,  

Column 1 

Comparison of columns 2 and 3 

The n e u t r a l i z e r  pro- 

AB ~,hown i n  column 5 the cathode keepeer c u r r e n t  was c o n t r o l l e d  t o  
approximate%y 180 mA f o r  about the f i r s t  h a l f  o€ t h e  test and was in- 
creased t o  about 240 mA f o r  t h e  l a s t  h a l f ,  .Column 6 shows t h a t  t h e  
cathode t i p  h e a t e r  power was p e r i o d i c a l l y  increased  during t h e  tes t ,  
These changes were made t o  avoid f r equen t  ex t inguish ing  of t h e  keeper 
d ischarge .  The f r equen t  ex t ingu i sh ing  dur ing  t h e  e a r l y  p a r t s  of t h e  
t e e t  i s  b e l i e  t o  have been caused by t h e  f a c t  t h a t  t h e  main cathode 
had been i n s t a l l e d  on the t h r u s f e r  without  having t h e  s tandard  b a r i u n  
carbonate  insert placed  i n s i d e  t h e  cathode tube ,  There are Borne i n d i -  
cations tha t  f o r  low current cathodes,  h ighe r  cathode temperatures  and/or 

i n s e r t ,  
I n i t i a l l y ,  the keeper vo l t age  was l o w  (see f i g ,  5 (a ) )  b u t  a f t e r  about  
100 hours  of hea t ing ,  the keeper  vo l t age  g radua l ly  rose .  
itmtslon wars r e a l i z e d  at about 425 hours a t  a t i p  h e a t e r  power of 27,5 
watt$, The d i ~ c h a r g ~  continued t o  quench f r equen t ly ,  however, u n t i l  
eh@, keeper current: was increased  t o  240 mdk, Mter the  450-hour mark, 
the mwimum d a m  time due t o  d tscharge  quenching was 45 minutes wi th  
t y p i c a l  times of 15 m%nutes before  t h r u s t e r  r e i g n i t i o n  would occur.  

h ighe r  keeper voJ"tagei3 are requ  d f o r  ope ra t ion  wi thout  t h i s  

Final s t a b i l -  

Acce lera tor  Drain Current 

t o r  ourrent wa8 found t o  c o n s i s t &  geneqal of t h r e e  
These are descr ibed  as fol lows:  
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Base cu r ren t .  - About 0.060 mA w a s  monitored w i t h  a l l  d ischarges  
o f f .  This  cu r ren t  w a s  f e l t  t o  be caused p a r t i a l l y  by i n t e r n a l  supply 
d r a i n  c u r r e n t s  and p a r t i a l l y  by zero  o f f s e t  on t h e  s i g n a l  condi t ion ing  
equipment. 

Neumalizer-produced c u r r e n t ,  - A t  t i m e s  when t h e  beam w a s  o f f  
because of t h e  main chamber and cathode keeper d ischarges  going o u t ,  
an  a d d i t i o n a l  c u r r e n t  amounting t o  0.080 t o  0.120 mA was  recorded. 
This  c u r r e n t  w a s  be l ieved  caused by ions  from t h e  n e u t r a l i z e r  d i scharge  
f a l l i n g  back onto the  a c c e l e r a t o r  g r i d  and onto t h e  shadow s h i e l d i n g  
which w a s  common t o  t h e  a c c e l e r a t o r ,  

Charge-exchange cu r ren t .  - The remaining a c c e l e r a t o r  c u r r e n t ,  ap- 
proximately 0 .1  t o  0.15 mA w a s  a t t r i b u t e d  t o  charge-exchange i o n s  formed 
i n  t h e  primary beam region .  The h igher  c u r r e n t s  occurred w i t h  h igh  pro- 
p e l l a n t  f lows. 

I o n  Beam Def l ec t ion  

Beam d e f l e c t i o n  d a t a  were taken e a r l y  i n  t h e  test before  t h e  i n t e r -  
e l e c t r o d e  space r s  became coated wi th  backsput te red  m e t a l .  
t h e s e  tests are shown i n  f i g u r e  6. The s o l i d  l i n e  i s  drawn through t h e  
d a t a  which are shown wi th  u n c e r t a i n t y  ba r s .  The dashed l i n e  r e p r e s e n t s  
Hughes d a t a  taken on a similar system (see f i g .  27 ,  r e f .  4 ) .  Both tests 
were conducted a t  VI = 1200 V and VA = -1200 V. The HRL test w a s  run at 
a beam c u r r e n t  of 30 mA whi le  the LeRC test  w a s  run  a t  25 mA. 
eral ,  t h e  tests support  each o t h e r ,  demonstrating t h e  beam d e f l e c t i o n  
c a p a b i l i t y  of t h e  g r i d  system. 

Resu l t s  of 

I n  gen- 

The r a t i o  of t h e  a c c e l e r a t o r  d r a i n  c u r r e n t  t o  the beam c u r r e n t  is  
shown i n  f i g u r e  7 as a func t ion  of d e f l e c t i o n  vo l t age  f o r  two d i f f e r e n t  
combinations of a c c e l e r a t i n g  vo l t age  and beam c u r r e n t  va lues .  I n  gen- 
eral ,  t h e  r a t i o  remained low throughout t h e  e n t i r e  range of d e f l e c t i o n  
vo l t age .  This  curve compares favorably  wi th  t h e  curve f o r  a s i m i l i a r  
g r i d  r epor t ed  i n  r e fe rence  4 ( f i g .  28). 

Pos t  Run Accelera tor  Condition 

Photographs of  t h e  d e f l e c t i o n  system a f t e r  t h e  1000-hour test  are 
shown i n  f i g u r e  8. F igure  8 (a )  shows t h a t  t h e  sc reen  g r i d  ( t h e  upstream 
g r i d )  w a s  unharmed. F igure  8(b)  p o i n t s  o u t  t h e  existence of  t h r e e  prob- 
l e m s .  

F i r s t ,  t h e  groove i n  t h e  shadow s h i e l d  i n  %he upper quadrant  i n d i -  
cates t h a t  t h e  n e u t r a l i z e r  p o s i t i o n  was no t  optimum. This  type  of ero- 
s i o n  w a s  found t o  be t y p i c a l  of SERT 11 ( r e f .  7) test r e s u l t s .  Recent 
tests on o t h e r  t h r u s t e r s  a t  L e w i s  Research Center have ind ica t ed  a 
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s o l u t i o n  t o  t h i s  probelm by r e p o s i t i o n i n g  t h e  n e u t r a l i z e r  f a r t h e r  down- 
stream, and f u t u r e  tests w i l l  u se  t h e  new p o s i t i o n ,  

The second major problem w a s  caused by t h e  per imeter  h o l e s  which 
are p a r t i a l l y  masked by t h e  p o l e  p i e c e  (see f i g .  8 ( b ) ) .  The r e s u l t i n g  
d i s t o r t i o n  of t h e  beams through those  ho le s  caused severe e r o s i o n  of t h e  
a c c e l e r a t o r  elements and even t h e  shadow s h i e l d  as shown on t h e  r i g h t  
quadrant of f i g u r e  8 (b ) .  
i n  f i g u r e s  9(a)  and 9(b)  which show t h e  disassembled s t r i p s ,  
is  apparent  between t h e  f i r s t  and second sfow of notches on each end of 
each assembly, These areas correspond t o  t h e  t h r e e  edge a p e r t u r e s  on 
t h e  fou r  s i d e s  o r  quadrants  (see f i g .  8 ( b ) ) ,  I n  f u t u r e  tests a t tempts  
w i l l  be  made t o  c o r r e c t  t h i s  problem e i t h e r  by e l imina t ing  t h e  p a r t i a l l y  
covered edge ho le s  o r  modifying the  po le  p i e c e  conf igura t ion .  

This  edge h o l e  e ros ion  can be  seen  more c l e a r l y  
The e ros ion  

The t h i r d  problem area, which i s  apparent  from f i g u r e  8 (b) , is t h a t  
some of t h e  a c c e l e r a t o r  s t r i p s  have warped. 
w i l l  be  provided f o r  each ind iv idua l  s t r i p  t o  compensate f o r  thermal  ex- 
pansion e 

I n  f u t u r e  des igns  tens ioning  

Comparison of t h e  c e n t e r  po r t ions  of f i g u r e s  9(a) and 9(b) show a 
marked d i f f e r e n c e  i n  e ros ion .  
z o n t a l  d i r e c t i o n  and s o  t h e  corresponding elements e x h i b i t  t h e  most ero- 
s ion .  One reason  f o r  t h e  severe e ros ion  is because d e f l e c t i o n  ang le s  up 
t o  16  degrees w e r e  obtained.  I n  t h e  Hughes Research Lab tests of ref- 
e rences  3 and 4 ,  d e f l e c t i o n  angles  were l i m i t e d  t o  10 o r  less. Corres- 
pondingly lower e r o s i o n  damage r e s u l t e d  i n  t h e i r  test .  

The beam w a s  d e f l e c t e d  Qnly i n  t h e  horf-  

0 

CONCLUDING REMARKS 

A s u c c e s s f u l  1000-hour test  of a 5-cm a c c e l e r a t o r  system wi th  beam 

No major con- 
d e f l e c t i o n  c a p a b i l i t y  has  been completed. 
problems have been i d e n t i f i e d  which are be ing  co r rec t ed .  
c e p t u a l  problems were uncovered al though a d d i t i o n a l  longer  du ra t ion  tests 
w i l l  be  needed t o  v e r i f y  l ifetime c a p a b i l i t i e s  of t he  design.  

Several s t r u c t u r a l  design 



7 

REFERENCES 

1. Reader, Paul D. j Nakanishi, Shigeo; Lathem, Walter C. j and Banks, Bruce A. : 
A Submillipound Mercury Electron Bombardment Thruster. J. Spacecraft 
Rockets, vol. 7, no. 11, Nov. 1970, pp. 1287-1292. 

2 .  Nakanishi, S ; Lathem, W. C.  j Banks, B. A. 5 and Weigand, A. J. : Status of 
a Five-Centimeter-Diater Ion Thruster Technology Program. 
71-690, June 1971. 

AIM Paper 

3. Collett ,  C. R.; King, H. J , ;  and Schnelker, D. E. :  Vectoring of the Bern 
From Ion Bombardment Thrusters. AIAA Paper 71-691, June 1971. 

4. King, H. J.; Collett ,  C. R. ;  and Schnelker, D. E.: Thrust Vectoring Sys- 
tems. Part I - 5 cm Systems. Hughes Research Labs. (NASA CR-72877), 
1971. 

5. Lathem, Walter C . ;  and Staggs, John F. : Divergent-Flow Contact - Ionization 
Electrostat ic  Thruster for  S a t e l l i t e  Attitude Control and Station Keeping. 
NASA TN D-4420, 1968. 

6. Keller, T .  A : NASA Electr ic  Rocket Test Fac i l i t i es .  Transactions of the 
Seventh National Symposium on Vacuum Technology. 
ed., Pergamon Press, 1961, pp. 161-167. 

C, Robert Meissner, 

7. Kerslake, W .  R. j Goldman, R. G.;  and Nieberding, W. C. : SERT-11: Mission, 
Thruster Performance, and In-Flight Thrust Measurements. J. Spacecraft 
Rockets, vol. 8, no. 3, Mar. 1971, pp. 213-224. 

. .. 



8 
* 

a 

a J -  

U 

a 

U 
d 

N 



Lm 1 6 
(a) Upstream side. 

(b) Downstream side. 

Figure 1. - Electrostatic dual-grid beam detienron system. 
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Figure 9. - Deflection elements after 1000 hour  test. 


